Introduction {#Sec1}
============

Recent advances in psychoradiology^[@CR1]^ have led to an increase in brain studies of psychiatric disorders, especially in first-episode and chronic schizophrenia patients^[@CR2]--[@CR6]^. Previous structural MRI studies^[@CR7]--[@CR9]^ have demonstrated that first-episode drug-naive schizophrenia patients showed GM reductions in the prefrontal and temporal lobes, and chronic schizophrenia patients have abnormalities in the frontal, temporal, superior parietal, and occipital lobes^[@CR10]--[@CR15]^. Although the above studies have reported inconsistent findings in patients with chronic and first-episode schizophrenia, it is still unclear whether the findings are due to neuroprogressive mechanisms or stage-specific characteristics.

Previous studies have shown GM abnormalities in chronic schizophrenia^[@CR10]--[@CR15]^, but these studies have mostly been during the middle course of the illness. However, only two studies^[@CR16],[@CR17]^ reported GM alterations during a relatively later course of the illness. A cross-sectional brain structural study^[@CR16]^ found that, relative to healthy controls, schizophrenia patients with an untreated illness course of more than 20 years demonstrated less cortical thickness in the bilateral ventromedial prefrontal cortices, left superior temporal gyrus, and right pars triangularis and greater cortical thickness in the left superior parietal lobe. However, there has been a lack of direct comparisons between long-term treated and untreated patients, which is crucial for understanding the neurobiological consequences of long-term treatment.

In fact, the short-term effects of antipsychotic treatment have been well studied by a number of longitudinal MRI studies^[@CR7],[@CR18]--[@CR20]^ and have found progressive GM loss in the frontal, temporal and occipital lobes after 2--3 years of treatment. However, only a few studies have explored longer duration treatment effects, but the findings have been inconsistent^[@CR21],[@CR22]^. Beng-Choon Ho et al.^[@CR21]^ reported that parietal lobe reductions in schizophrenia were associated with higher doses of non-clozapine atypical antipsychotics in patients over an average follow-up of 7.2 years. However, this finding was not replicated by Veijola et al.^[@CR22]^. These inconsistent findings may have resulted from different types/doses of antipsychotics. Furthermore, it is still not clear whether there are different characteristic changes in brain structure after long-term antipsychotic medication use in schizophrenia patients. Therefore, the study of monotherapy may shed more light on the effects of long-term treatment on brain structure in schizophrenia patients.

Therefore, to explore the long-term effects of antipsychotic treatment on brain morphology, we recruited 35 never-treated chronic schizophrenia patients with a mean illness duration of 20 years, 20 illness-duration-matched risperidone monotherapy patients, 20 illness-duration-matched clozapine monotherapy patients, and 55 healthy controls. We hypothesize that characteristic or specific GM change patterns would be found both in schizophrenia with risperidone monotherapy and clozapine monotherapy relative to never-treated patients and that brain structures differentially respond to different kinds of antipsychotics.

Materials and methods {#Sec2}
=====================

Participants {#Sec3}
------------

Thirty-five never-treated chronic schizophrenia patients with long-term illness (ranging from 5 to 48 years), 20 illness-duration-matched risperidone monotherapy patients, 20 illness-duration-matched clozapine monotherapy patients and 55 healthy controls (HC) were included and assessed using a single GE MR scanner. The diagnosis of schizophrenia was determined with the consensus of two psychiatrists using the Structured Interview for the DSM-IV (SCID). Illness onset was evaluated by the Nottingham Onset Schedule^[@CR23]^ with the information provided by the patients, other family members, and other sources. Patients with a duration of illness longer than 5 years were defined as "chronic"^[@CR24],[@CR25]^. Symptom severity assessment was carried out using the Positive and Negative Syndrome Scale (PANSS)^[@CR26]^ on the same day as MRI scanning. This study was approved by the Institutional Review Board, and written informed consent was obtained from each participant.

Never-treated chronic schizophrenia patients were identified from the community Mental Health Screening Program, aiming to identify and provide psychiatric care to individuals with serious but untreated mental illness. Most of these never-treated patients are over 40 years old and were typically recruited from rural or suburban areas within 35 km of downtown Chengdu and Zigong city in Western China. Based on available retrospective information, 9 of these patients had developed acute psychosis after significant life trauma, such as the loss of a close relative or parental marital difficulties. The other 26 patients had a gradual and insidious onset of symptoms. Twenty-one had no involvement in any employment. Fourteen were able to care for themselves in many activities of daily living. Most of the never-treated patients had 6 years of primary education, while the antipsychotic-treated patients had 9 years of education in China. These never-treated patients had not previously received any antipsychotic drug treatment for a variety of reasons, but all of the patients had been well taken care of by their families since the onset of their illness.

The treated patients were recruited from the same or nearby communities and had received antipsychotic treatment relatively consistently beginning early in the course of their illness. The patients had been treated with risperidone or clozapine, and no patient had switched to another antipsychotic in the previous 5 years. The dose of antipsychotic medication was converted to chlorpromazine (CPZ) equivalents^[@CR23],[@CR27]^.

Healthy control subjects (HC, *n* = 55) were recruited to match the patient groups from poster advertisements in the local area of patients, and they had similar socioeconomic and educational backgrounds. All controls were screened using the SCID-Non-Patient Version to confirm the lifetime absence of psychiatric and neurological illnesses, and all participants were right-handed.

The exclusion criteria for patients and healthy controls were as follows: (1) contraindication for MRI examination, (2) another axis I psychiatric disorder, (3) any neurological disorder, (4) lifetime drug or alcohol abuse or dependency, and (5) pregnancy or significant systemic illness, such as hepatitis or cardiovascular disease. MR images of all participants were inspected by an experienced neuroradiologist to exclude subjects with visible brain abnormalities.

Data acquisition {#Sec4}
----------------

All MRI data were acquired on a 3.0 T GE Signa EXCITE Scanner (General Electric Medical Systems, Milwaukee, Wisconsin) with an 8-channel phase array head coil. All participants went through a uniform protocol that comprised an axial high-resolution T1-weighted image with a volumetric three-dimensional spoiled gradient-echo sequence with the following parameters: repetition time = 8.5 ms, echo time = 3.4 ms, flip angle = 12^o^, voxel size = 0.47 × 0.47 × 1 mm^3^, the field of view = 240 × 240 mm^2^, matrix = 256 × 256, 156 axial slices, and slice thickness = 1 mm. All participants were told to lie still and keep their eyes closed without thinking anything during scanning. Images were immediately checked by a neuroradiologist, and participants with substantial motion or other artifacts were subjected to reimaging.

Imaging processing {#Sec5}
------------------

The FreeSurfer (version 6.0, <https://surfer.nmr.mgh.harvard.edu/>) package was used to perform cortical modeling and volumetric segmentation and to measure cortical volume and subcortical volume by using image intensities and continuity information from the entire MR volume to construct representations of the gray/white matter boundary and pial surface^[@CR28]--[@CR30]^. The processing steps, including skull stripping, segmentation of the gray matter, white matter and CSF, cortical surface reconstruction, registration, and parcellation, were initialized with common information from the within-subject template^[@CR29]--[@CR31]^. The above procedure generated average cortical volumes for 68 regions and the subcortical volumes for 14 regions of interest (nucleus accumbens, amygdala, caudate, hippocampus, pallidum, putamen, and thalamus in each hemisphere) using the Desikan--Killiany atlas template^[@CR32]^. Postprocessing visual inspection for the quality of both imaging processes was reviewed without knowledge of subject characteristics. Cortical thickness and surface area were also investigated, using similar methods.

Statistical analysis {#Sec6}
--------------------

All statistical analyses were performed using SPSS (version 22.0, U.S.A.). Demographic variables (e.g., age, sex, education) and clinical characteristics (i.e., medications and PANSS scores) were compared among the groups via one-way analysis of variance (ANOVA), two-sample *t*-tests or chi-square tests. For brain imaging analyses, average cortical surface area, cortical thickness, and cortical volume across the 68 regions of interest (ROIs) and the subcortical volumes of 14 regions using the Desikan--Killiany atlas template were extracted. Analysis of covariance (ANCOVA) was conducted using a general linear model (GLM) followed by the least significant difference (LSD) post hoc pairwise comparisons after controlling for age and sex. The statistical significance level was set at *p* = 0.05 with two-tailed, controlled for multiple comparisons using a false discovery rate (FDR) criterion for each of the 68 cortical measurements and 14 subcortical volumes. Pearson correlation analyses among the anatomical measures and drug dose, PANSS scores, and illness duration were performed.

Results {#Sec7}
=======

Demographic and clinical characteristics {#Sec8}
----------------------------------------

The demographic and clinical characteristics of the study participants are listed in Table [1](#Tab1){ref-type="table"}. There was no significant difference in age and educational years among all the groups. There was also no difference in the duration of illness and age at onset among the never-treated schizophrenia (NT-SCZ) group, risperidone-treated schizophrenia (RT-SCZ) group and clozapine-treated schizophrenia (CT-SCZ) group (all *p* \> 0.05). The sex ratio was significantly different among the groups (*p* \< 0.01), with the RT-SCZ group having more males than the other groups. Both treated patient groups showed symptom remission relative to the NT-SCZ group (all *p* \< 0.01). No significant difference in symptoms was found between the RT-SCZ group and the CT-SCZ group or in the daily dosage of antipsychotic medications based on CPZ equivalents (all *p* \> 0.05).Table 1. Demographical characteristics of the participants.Demographic/clinical charactersNT-SCZ (Mean ± SD), *n* = 35)RT-SCZ (Mean ± SD), *n* = 20CT-SCZ (Mean ± SD), *n* = 20HC (Mean ± SD), *n* = 55ANOVA, *t* or *χ*^2^ *P*-valuePost hoc analysisNT-SCZ vs. HCNT-SCZ vs. RT-SCZNT-SCZ vs. CT-SCZRT-SCZ vs. CT-SCZRT-SCZ vs. HCCT-SCZ vs. HCMale/female17/1817/310/1029/26\<0.0010.198\<0.0010.8800.002\<0.0010.432Age, years47.97 (13.41)45.20 (7.48)50.05 (4.98)47.49 (10.33)0.523NANANANANANAEducation, years7.77 (3.27)9.60 (2.56)8.60 (3.35)9.40 (2.77)0.053NANANANANANADuration of illness (months)242.86 (148.87)202.08 (99.63)236.75 (105.71)NA0.515NANANANANANAAge at onset, years27.69 (7.58)28.30 (8.97)30.32 (7.39)NA0.492NANANANANANAPANSS total score92.76 (17.43)50.40 (12.11)56.95 (11.41)NA\<0.001NA\<0.001\<0.0010.162NANAPANSS positive symptom24.76 (6.97)9.60 (2.64)10.65 (3.41)NA\<0.001NA\<0.001\<0.0010.529NANAPANSS negative symptom24.32 (8.20)15.75 (5.22)19.00 (5.08)NA\<0.001NA\<0.0010.0070.132NANAGeneral psychopathology symptom43.68 (7.94)25.05 (5.17)27.30 (5.21)NA\<0.001NA\<0.001\<0.0010.285NANAAntipsychotic dosage (CPZ equivalent, mg/day)^a^NA427.50 (131.26)357.19 (161.81)NA0.140NANANANANANAStatistical tests performed: group differences in age, education, duration, age at onset and PANSS score, One way ANOVA test and post hoc test; gender, chi-square test; antipsychotic dosage, independent sample *t*-test. *PANSS* positive and negative syndrome scale, *CPZ* chlorpromazine, *HC* healthy controls, *NT-SCZ* never treated schizophrenia patients, *RT-SCZ* risperidone-treated schizophrenia patients, *CT-SCZ* clozapine-treated schizophrenia patients.^a^ Daily dosage of antipsychotic medications in chlorpromazine equivalent during the last 4 weeks of treatment^[@CR27]^.

ANCOVA findings among four groups {#Sec9}
---------------------------------

GM measurements (cortical volume, surface area, or thickness) demonstrated a significant main effect among the four groups by analysis of covariance (ANCOVA) after multiple comparisons, involving 46 brain regions, but excluding the bilateral caudal middle frontal, lateral occipital, insula, cingulate, motor and sensory cortex (all corrected *p* \< 0.05; see details in Supplementary Table [S1](#MOESM1){ref-type="media"}), and the variance is similar by the test of homogeneity of variances. There was no significant difference in subcortical volume after multiple comparisons (all corrected *p* \> 0.05). The GM characteristics in cortical volumes, thicknesses, and surface areas of all regions are listed in the supplementary materials (Supplementary Table [S1](#MOESM1){ref-type="media"}).

Comparison of patients with chronic schizophrenia and healthy controls {#Sec10}
----------------------------------------------------------------------

The post hoc analyses revealed that relative to the HC group, both treated and never-treated chronic schizophrenia patients showed reduced GM mainly involving the bilateral rostral middle frontal and medial frontal cortex, left banks superior temporal sulcus, left fusiform, left pericalcarine regions and increased GM in the left cuneus. The never-treated group showed an additional increase in the bilateral frontal pole. The treated groups showed an additional reduction of GM involving bilateral prefrontal, temporal, parietal lobe, and bilateral lingual cortex (*p* \< 0.05, corrected; Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Differences in GM between patients with chronic schizophrenia and healthy controls.Greater cortical volume, surface area, or thickness in patients than in comparison subjects are indicated by red/warm color, and lower volume, surface area, or thickness are indicated by blue/cold color. L, left hemisphere; R, right hemisphere; HC, healthy controls; NT-SCZ, never treated schizophrenia patients; RT-SCZ, risperidone-treated schizophrenia patients; CT-SCZ, clozapine-treated schizophrenia patients.

Comparison of never-treated and treated chronic patient groups {#Sec11}
--------------------------------------------------------------

The post hoc analyses revealed that compared with the never-treated patient group, both treated chronic patient groups showed reductions mainly in the left lateral orbitofrontal and superior frontal, right frontal pole, right pars orbitalis, bilateral inferior and middle temporal, right medial temporal lobe, and left inferior parietal cortex regions (*p* \< 0.05, corrected; Fig. [2](#Fig2){ref-type="fig"}). The RT-SCZ group showed an additional reduction of the GM in the left medial temporal lobe and left lingual cortex, and the CT-SCZ group showed an additional reduction in the bilateral prefrontal lobe, left superior temporal, left supramarginal, and right lingual cortex regions (*p* \< 0.05, corrected; Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Differences in GM between treated and never treated patients with chronic schizophrenia.Greater cortical volume, surface area, or thickness in treated patients than in comparison subjects are indicated by red/warm color, and lower volume, surface area, or thickness are indicated by blue/cold color. L, left hemisphere; R, right hemisphere; NT-SCZ, never treated schizophrenia patients; RT-SCZ, risperidone-treated schizophrenia patients; CT-SCZ, clozapine-treated schizophrenia patients.

Comparison of risperidone and clozapine monotherapy patient groups {#Sec12}
------------------------------------------------------------------

The post hoc analyses revealed that the CT-SCZ group showed more decreased GM than the RT-SCZ group in bilateral lateral and medial orbitofrontal, bilateral rostral middle frontal, bilateral pars opercularis, right superior frontal cortex, left pars triangularis, left frontal pole, and the left cuneus cortex regions but less decreased GM than the RT-SCZ group in the left entorhinal and left parahippocampal cortex (*p* \< 0.05, corrected; Fig. [2](#Fig2){ref-type="fig"}).

Correlations between alterations in GM in relation to drug dosage, illness duration and symptoms {#Sec13}
------------------------------------------------------------------------------------------------

In the RT-SCZ group, the illness duration was negatively correlated with the left inferior temporal thickness (*r* = −0.533, *p* = 0.015), left inferior temporal volume (*r* = −0.576, *p* = 0.008), left middle temporal volume (*r* = −0.496, *p* = 0.026), and left inferior parietal volume (*r* = −0.531, *p* = 0.016) (Table [2](#Tab2){ref-type="table"}). The left middle temporal thickness was related to the dosage (*r* = −0.500, *p* = 0.025), PANSS total scores (*r* = −0.487, *p* = 0.029), negative syndrome scores (*r* = −0.473, *p* = 0.035), and general psychopathology scores (*r* = −0.502, *p* = 0.024). The left parahippocampal thickness was related to positive syndrome scores (*r* = −0.479, *p* = 0.033). In the CT-SCZ group, the illness duration was negatively correlated with the right fusiform thickness (*r* = −0.486, *p* = 0.030) and right inferior temporal volume (*r* = −0.607, *p* = 0.005). The left frontal pole thickness was related to the PANSS total scores (*r* = −0.523, *p* = 0.018) and negative syndrome scores (*r* = −0.622, *p* = 0.003). The alterations in GM were not associated with illness duration or clinical symptoms in the NT-SCZ group (*p* \> 0.05).Table 2. Correlations between alterations in GM in relation to drug dosage, illness duration and symptoms.Brain regionsRT-SCZCT-SCZLeft inferiortemporal tknLeft middletemporal tknLeft parahippocampal tknLeft inferiorparietal volLeft inferiortemporal volLeft middletemporal volLeft frontalpole tknRight fusiform tknRight inferiortemporal volIllness duration−^a^−^a^−^a^−^a^−^a^−^b^CPZ equivalents (mg)−^a^PANSS total scores−^a^−^a^PANSS positive scores−^a^PANSS negative scores−^a^−^b^PANSS general scores−^a^*PANSS* positive and negative syndrome scale, *CPZ* chlorpromazine, *RT-SCZ* risperidone-treated schizophrenia patients, *CT-SCZ* clozapine-treated schizophrenia patients, *tkn* thickness, *vol* volume; −, negative correlation. ^a^*p* \< 0.05; ^b^*p* \< 0.01.

Discussion {#Sec14}
==========

To our knowledge, this is the first study investigating brain gray matter morphometric alterations between never-treated and long-term monotherapy-treated chronic schizophrenia patients. In general, both treated and never-treated chronic schizophrenia patients, relative to controls, showed cortical GM reductions and increases in similar brain regions, mainly involving bilateral medial and rostral middle frontal, left banks superior temporal sulcus, and left medial occipital cortex regions. Relative to never-treated patients, the two treated chronic patient groups showed widespread reductions mainly in the bilateral prefrontal, temporal, and left inferior parietal lobules. Within the treated group, the clozapine monotherapy group had a more severe reduction mainly in the bilateral prefrontal cortex than the risperidone monotherapy group. In addition, GM reduction was negatively correlated with dosage, duration and symptom severity among treated patients. These findings provide novel insights into the influences of antipsychotic medications on GM abnormalities over the long-term course of illness.

One of the main findings of the current study was the reductions mainly involving bilateral medial and rostral middle frontal, left banks superior temporal sulcus, and left fusiform cortex and increases in the left cuneus in both long-term treated and untreated chronic patients compared to healthy controls. These findings were consistent with previous studies of first-episode schizophrenia before and after short-term treatment^[@CR4],[@CR6],[@CR33],[@CR34]^, which showed decreases predominantly in the middle and inferior frontal, superior and middle temporal, and anterior cingulate cortex in both treated and untreated patients. This suggests that specific brain regions involved in schizophrenia may be affected in the same way by short- and long-term antipsychotic treatment. In addition, we also found increased GM in the left cuneus in both never-treated and treated chronic patients, which agreed with the previous study of cortical thickness increases in antipsychotic-naïve, first-episode schizophrenia^[@CR9]^. This might represent a compensatory response related to increased activation in the cuneus cortex to support visual processing in patients with schizophrenia^[@CR35],[@CR36]^. Taken together, the reductions in the bilateral superior temporal lobe and rostral middle frontal lobe cortex and increase in the left cuneus cortex were found both in untreated and treated chronic and first-episode schizophrenia patients. Therefore, these common alterations in brain regions both in chronic and first-episode schizophrenia patients may be relatively stable throughout the course of illness.

By comparing the never-treated with treated chronic schizophrenia patients, it was remarkable that although the whole brain was examined, the reductions were mainly in the bilateral prefrontal and temporal cortex, and left inferior parietal lobule in the treated patients. These findings were partly consistent with previous brain structural studies of short-term treatment in schizophrenia patients^[@CR7],[@CR34],[@CR37],[@CR38]^, i.e., mainly reductions in the prefrontal and temporal lobes. Furthermore, the prefrontal and temporal cortices have been reported to be associated with the treatment dosage during short-term treatment^[@CR7],[@CR34],[@CR37],[@CR38]^, are within the dopamine pathway^[@CR4]^ and show dopaminergic dysregulation^[@CR39]--[@CR41]^ in schizophrenia. Therefore, our study further demonstrates that the prefrontal and temporal cortices may be not only short-term treatment targets but also targets for long-term treatment.

Another interesting finding was that the inferior parietal lobule decreased in chronic patients after long-term treatment, which has rarely been reported in previous studies with short-term treatment^[@CR18],[@CR19],[@CR42]^. In contrast, some schizophrenia studies with long-term treatment^[@CR21],[@CR43]--[@CR45]^ have also shown parietal lobe decreases in treated patients^[@CR21],[@CR45]^ and in animal models^[@CR43],[@CR44]^. It is possible that there are differences between short- and long-term antipsychotic treatment effects on the inferior parietal lobule. Therefore, the parietal lobe might be the key target for long-term antipsychotic treatment, which is considered the key area regarding several cognitive and motor functions and tasks involving the integration of different stimuli^[@CR46],[@CR47]^. Furthermore, the inferior parietal lobule has been shown to be involved in various neuropsychological functions affected by schizophrenia and supports the frontal lobe in storing and retrieving verbal information^[@CR46]^. The reduction in the inferior parietal lobule cortex may be characteristic of schizophrenia patients with long-term treatment, and it could also be a specific target for long-term treatment. Therefore, our findings not only provide evidence for similar brain alterations with short-term and long-term treatment but also the specific alterations of long-term treatment for schizophrenia patients.

It should be noted that unlike our previous findings that long-term untreated patients showed more severe deficits in the white matter^[@CR17]^ and functional networks^[@CR48]^ than treated patients, our findings revealed more regions with reduced GM in treated patients than untreated patients. One of the possible explanations is that the mechanism of antipsychotics may be associated with GM reductions and functional performance improvements. Neuroinflammation is one of the pathophysiological mechanisms of schizophrenia^[@CR49]^, including an increase in microglial activation^[@CR50]^ and extracellular volume^[@CR51]^ in GM and white matter. Antipsychotic treatment could promote decreases in activated glia and extracellular volume and improve neuronal function, which has been associated with an anti-inflammatory effect^[@CR49],[@CR52]^. The different principles underlying brain structural and functional MRI may result in different findings. The second possible explanation is that it is mainly gray matter loss that progresses over time, whereas white matter deficits are stable or may even improve over the course of the illness^[@CR49]^. GM loss progresses further after the onset of schizophrenia^[@CR53]^, and antipsychotics may not counteract the pathophysiologic processes leading to the GM loss underlying schizophrenia^[@CR21]^. Taken together, these findings suggest the possibility of different effects of treatment on GM and white matter, which may be the focus of significant future work.

Another contribution of the current study is that the patients with long-term clozapine monotherapy displayed more severe and extensive GM loss than the patients with risperidone monotherapy. These findings were similar to those of a previous study^[@CR54]^; for example, cortical thinning of the pars triangularis was found in first-episode schizophrenia patients with 2 years of clozapine treatment, and no significant differences were found in patients with risperidone treatment. However, our study suggests that the CT-SCZ group had more severe reductions mainly in the bilateral prefrontal cortex and left cuneus and fewer decreases in the left ventral temporal lobe than the RT-SCZ group. One possible interpretation is that the effects of antipsychotic treatment may be cumulative over the years of the illness course or more pronounced later in the course of the illness^[@CR17]^. Although it is nearly impossible to have chronically treated patients with monotherapy during the whole illness, we recruited stably treated patients with monotherapy for at least the most recent 5 years, which could represent the long-term treatment effect on the brain. Therefore, our findings may suggest a specific and different effect of long-term risperidone and clozapine treatment on this pathway.

The current study also revealed that GM reductions were negatively correlated with dosage, duration and symptom severity among the treated patients, involving the inferior and middle temporal lobes, inferior parietal lobe, and fusiform cortex regions. This finding suggests that widespread cortical deficits occurring in the later stages of schizophrenia may be crucial to the pathogenesis of the disease. The anatomical deficits in the inferior parietal lobe may represent the core pathology during the later course of schizophrenia. Previous studies have shown that the above cortical regions were associated with symptoms of schizophrenia^[@CR11],[@CR35],[@CR46],[@CR55],[@CR56]^. Therefore, the findings indicate that cumulative antipsychotic exposure, illness duration, and symptom severity may be potentially contributing factors influencing the progression of GM deficits in chronic schizophrenia patients.

Several limitations should be considered in interpreting our findings. First, the GM differences among the three patient groups and their relationships with treatment history are constrained by the lack of random assignment to long-term treatment versus no treatment conditions. However, such a study would not be feasible or ethically justified. Therefore, our cross-sectional approach may be the only feasible strategy for addressing questions about the long-term course of schizophrenia and antipsychotic effects on brain structure. Second, we note that the sex ratio is significantly different among the 4 groups. Previous studies^[@CR57]--[@CR59]^ explored the impact of sex differences on the brain features of schizophrenia, but the results are inconsistent, even a study^[@CR58]^ reported no significant differential sex effects in schizophrenia for either GM cortical thickness or subcortical volume development. In this study, we took age and sex as covariates by ANCOVA analysis to control for potential confounding effects and found that sex has no interactive effect on the results. Therefore, the results of the differences between groups may result from long-term antipsychotic treatment, rather than sex differences. Although all patients were well matched on variables such as age, duration, age at onset, and dosage, these issues need to be considered when interpreting our findings. Third, there were no significant differences in subcortical volumes after multiple comparisons. Subcortical structures may not have been accurately segmented^[@CR60]^ and may not significantly change as a whole. Therefore, it is necessary to adjust the segmentation and perform further subarea analysis. Lastly, to clarify mechanisms of these effects, animal model research will be needed to examine longitudinal long-term differential antipsychotic effects on GM to experimentally confirm a relationship between antipsychotics and GM.

In conclusion, our findings provide new insights into the understanding of the long-term treatment of chronic schizophrenia and the different brain structural manifestations after different medications. These findings of long-term treatment were similar to those in short-term studies in treated schizophrenia, mainly involving the temporal lobe and prefrontal lobe. Both treated and never-treated chronic schizophrenia patients showed cortical gray matter reductions and increases in similar brain regions, and the reductions in the inferior parietal lobule may be characteristic of schizophrenia patients with long-term treatment. Our study also suggests that patients with long-term clozapine monotherapy displayed more severe and extensive GM loss in the bilateral prefrontal and left cuneus cortex than patients with risperidone monotherapy. These findings deepen our understanding of the effects of long-term treatment and may provide evidence for the development of new medications or potential treatment targets for long-term treatment in schizophrenia patients.
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